Objectives: The purpose of this article is to systematically review diagnostic procedures and risk factors associated with inferior alveolar nerve injury following implant placement, to identify the time interval between inferior alveolar nerve injury and its diagnosis after surgical dental implant placement and compare between outcomes of early and delayed diagnosis and treatment given based on case series recorded throughout a period of 10 years.
INTRODUCTION
Despite considerable development of technology and techniques used in dentistry throughout the last few decades, tooth loss is still a common problem. Dental implants are used in such incidences as a solution. As practitioners gained experience in the implantology field, they became exposed to various complications arising as a result of the surgical procedure. One of the most common and serious complications faced by the clinician and the patient following implant placement in the mandible is injury to the inferior alveolar nerve (IAN). It ranges from 0% to 40% of implant-related IAN injuries [1] [2] [3] [4] . These injuries may occur during preparation or placement of an implant. They may be directly related to the depth of preparation or implant length or width [5] and may result from local anaesthetic application as well [6, 7] . Different degrees of nerve injury are available. According to Seddon [8] , nerve injuries are divided into 3 types based upon the severity of tissue injury, prognosis, and time for recovery-neurapraxia, axonotmesis, and neurotmesis. Neurapraxia is the mildest form, with the best prognosis, while neurotmesis is the most severe [8] . Sensory disturbances resulting from the injury will provide an unpleasant experience for both the doctor and the patient. Effective management of those cases is based on providing treatment-conservative or surgical, immediately upon diagnosis of damage. That is to say, early diagnosis is the key for successful treatment. Renton and coworkers [9] state that peripheral sensory nerve injuries are more likely to be persistent when there is an increased duration between injury and reviewing of the patient. The problem is that occasionally the diagnosis is delayed, which may have a crucial effect on treatment results. Another possible sequel of late diagnosis is the development of tunnel syndrome. Its underlying pathophysiology is ascribed to an increased pressure on peripheral nerves, which leads to impaired neural microcirculation followed by focal demyelination [10] . For example, an unnoticeable, minor IAN injury may develop due to haematoma, and the practitioner may not diagnose it on time because of its mildness. Later, oedema will develop, and the injury will worsen. This is due to the fact that the IAN is bounded within the limits of the mandibular canal (MC). Thus, if oedema rapidly develops, subsequent nerve compression is expected. MC width depends on the patient's age and gender-females and elderly patients thus are at higher risk to develop tunnel syndromerelated nerve degeneration [1] .
Using long-acting local anaesthetics and the difficulty of evaluating the extent of the damage are some of the factors preventing early disclosure of the complication. Literature regarding this topic suggests diagnostic methods such as neurosensory testing, including objective and subjective methods, but those tests can be performed only after fading of the local anaesthetic effect. The presence of continuous anaesthesia, dysaesthesia, or spontaneous pain indicates poor prospects for recovery, even with surgical intervention. Overall, 25% of patients with iatrogenic paraesthesia suffer permanent effects [5] . To make it easier for readers, we presented the following important aspects regarding IAN injury separately: risk factors, diagnostic methods, adequate time for diagnosis, and treatment outcome as a function of diagnosis time.
Diagnosis of IAN injury according to early signs and symptoms reported by patients
Signs and symptoms, any sensation described by the patient, should be taken into consideration since radiography is not always helpful. There are cases were the implant does not seem to damage the nerve, but in fact, it does [11] . One of the most important things the practitioner should check after the operation is completed is whether the patient experienced a return of normal sensation. Six hours after operation (after the local anaesthesia effect wears off), the patient should be contacted. In cases of the patient reporting persistent numbness or anaesthesia, it would be the first sign for the surgeon that something went wrong and nerve damage probably occurred [1] . Numbness usually will be felt on the side of implant placement, including the lower lip and chin. Another symptom that may indicate nerve damage is the feeling of tingling, tickling, or burning skin in other words, paraesthesia. In some cases, numbness may not appear immediately but later on. The patient does feel improvement in sensation in the beginning, although some discomfort is present, and later numbness appears. A case study of 4 females, which recorded their sensations following implant-associated IAN damage, concluded that all patients suffered from numbness of the affected inferior alveolar dermatome [5] . Renton et al. [12] found, in 2012, in their study regarding post-implant neuropathy of the trigeminal nerve, that over 50% of patients suffered constant pain and/or discomfort. Paraesthesia was the main feature for 47% of cases.
However, there are various alterations of sensation patients can report, such as dysaesthesia, allodynia, hypoaesthesia, hyperaesthesia, and more [1] .
Diagnosis of IAN injury based on subjective sensory tests
A study in the year 2009 by Poort et al. [13] reveals an interesting fact -subjective evaluation has been found to be the most commonly used method (64% of all methods used) to detect implant-associated IAN injury. Every alteration in sensation reported by the patient should be carefully taken into consideration, both intra-and postoperatively. That is because the patient's own feeling is the best evaluation for change in sensation, as sometimes the alteration may be not big enough to be detected by any diagnostic tools, which are less sensitive than the human him/herself [14] . Some patients get an "electric-shock-type" sensation during administration of local anaesthetic, which can give a hint about further nerve injury, but it is not a definitive sign since injuries can occur without any intraoperative demonstration. After the fading of the local anaesthetic effect, the doctor should ascertain with the patient if any changes occurred and if some suspicion for neuropathy is present. A basic neurosensory examination should be performed. Basically, subjective sensory tests are divided into 2 major categories: mechanoceptive and nociceptive.
Mechanoceptive methods
Under the mechanoceptive category, several methods are available. First is static light touch (SLT) detection, in which the patient closes his eyes and says "yes" whenever he feels a light touch with cotton to the face [15] . The second one is brush directional discrimination (brush stroke direction [BSD] ) in which the patient tells if any sensation is detected and in which direction the filament or brush moved. The third is two-point discrimination (TPD), in which the patient closes his eyes, and the clinician, using an object having two sharp edges, touches the face in different areas [15] . The distance between the sharp edges should be changed in order to define the minimal distance in which the patient is still able to discriminate two points. The average value of this test is about 5 mm, but it is very individual and varies considerably [16] . Generally, it depends on the size of receptive fields in the tested area and on the density of the fields. Some investigators found that the TPD test is unreliable because it has great variability between measurements even on the control side and does not add information to the SLT test [13] . Another method is sharp/blunt discrimination (SBD), in which a sharp right-angle dental probe is applied to the area, with indentation but with no breach of the mucosa/skin. The patient is then asked to compare this sensation to that produced by a blunt region of the probe. The test is considered positive if the patient recognises 3 out of 5 of each stimulus correctly.
Nociceptive methods
The nociceptive category suggests 2 methods: pin pressure nociception and thermal discrimination [17] . The former compares the pain threshold of affected and unaffected areas and allows defining the response as hyperaesthesia, anaesthesia, or hypoaesthesia. The aim is to establish the sensation threshold for the unaffected side and compare it to the affected side. Usually, the normal value to initiate a response is about 15 gm [18] . Thermal tests are also suggested. This type of test checks whether the patient feels normal cold or heat sensation by applying ethyl chloride and a mirror handle warmed to 43 °C to affected and unaffected areas. This test is useful but not essential.
Diagnosis of IAN injury based on objective sensory tests
A study conducted in June 2011 by Biasiotta et al. [19] states that the masseter inhibitory reflex (MIR) test is the most used neurophysiological tool for the functional assessment of the trigeminal mandibular division. It consists of a reflex inhibition of the jawclosing muscles elicited by peri-or intraoral electrical stimulations. Their study revealed that MIR testing shows an almost absolute specificity (99%) and reliably demonstrates nerve damage beyond doubt, whereas the relatively low sensitivity (51%) makes the finding of a normal MIR by no means sufficient to exclude nerve damage [19] . In other words, this test principle is that abnormality does prove nerve damage, and normality does not disprove it. It is important to remark that in that study, all patients (160) were examined at least 2 months after injury, so its efficiency as an early diagnostic method cannot yet be discussed. The recording of somatosensory evoked potentials (SEPs) is a noninvasive, routine clinical testing procedure in neurology. The idea is to stimulate the peripheral nerves and then record the electric potential occurring in the brain through the scalp [20] . Electrodes are applied to the skin of the area to be tested as well as on the scalp. For trigeminal nerve stimulation, however, SEPs have not received widespread clinical attention. In addition, this technique has a lot of disadvantages: the reliability of the recorded signals has been questioned because, rather than reflecting genuine brain activity, they probably result from volume-conducted muscle signals, as they disappear in the curarized subject [19, 21] . Thus, more researches should be conducted in order to establish some general guidelines for using this method. Orthodromic sensory nerve action potential is another method used to record the function of IAN [22, 23] . However, it was not used by the clinicians to evaluate IAN function after implant-related injury. Recently, the International Federation of Clinical Neurophysiology has recommended investigating the trigeminal function with reflex rather than evoked potential studies. Unlike the above techniques, the blink reflex after mental [24] or lingual stimulation seems a promising alternative to the MIR. The blink reflex responses are recorded simultaneously on both sides. Blink reflex proved to be a sensitive test in detecting IAN lesions within 2 to 3 months from injury [25] .
Diagnosis of IAN injury using alternative methods
Several researches have proposed that early implant removal may lead to better healing with the return of sensation [5, 26] . However, in most cases, by the time diagnosis is made, it may lose its efficiency. The problem in making an immediate diagnosis is that usually, by the end of the surgery, the patient is still found under the effect of local anaesthetics. That occurs especially when surgeons use long-acting anaesthetics in order to delay the pain as much as possible. Phentolamine mesylate (PM) is an anti-hypertensive reversal agent of local anaesthesia. A study conducted by Froum et al. in 2010 [27] checked the possibility of its utilisation immediately after implant placement. Without using PM, the local anaesthetic effect fades away in the range of 3 to 5 hours after injection. Thus, using a reversing agent will significantly increase the chances of full recovery, as its application permits making the earliest detection of nerve damage currently available. The purpose of the present article is to identify the time interval of inferior alveolar nerve injury diagnosis after dental implant placement operation and compare between outcomes of early and delayed diagnosis and treatment given after inferior alveolar nerve injury based on case series recorded throughout the years.
MATERIAL AND METHODS Protocol and registration
The review is registered in an international prospective register of systematic reviews, 'PROSPERO' [28] . Registration number: CRD42014014724.
Types of publication
The review included studies on humans published in English.
Types of studies
The review included any published observational studies and case series.
Information sources
The information source was the electronic database MEDLINE (PubMed).
Population
The population consisted of adult patients who sustained IAN injury following surgical implant placement.
Inferior alveolar nerve injury (IAN) definition
IAN injury includes damage or severance of nervous tissue as a result of trauma transaction, cutting (laceration), compression, shearing, or crushing, which results in sensory disturbances.
Literature search strategy
According to the PRISMA guidelines [29] , we conducted an electronic search using MEDLINE (PubMed) database to locate articles concerning IAN injury following implant placement. The keywords used to find related articles were
The search was restricted to English language articles published during the last 10 years, from December 2004 to March 2014. The quest yielded a high amount of articles regarding IAN injury. However, most of the articles were excluded due to irrelevancy of their titles
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Shavit and Juodzbalys or abstracts. We assessed 32 full text articles, of which 5 articles were found suitable to be included in the review. We also performed a manual search in dental journals, and 1 article was added. Figure 1 illustrates by a flow chart the process of filtering.
Inclusion and exclusion criteria
Inclusion criteria for the selection were the following:
• English language;
• Studies performed on humans only;
• Articles associated with implant surgery (IAN injury as a result of implant placement in posterior mandible); • Articles that specify the diagnostic method that had been used; • Subjects with neurosensory deficit as a result of implant placement and who were neurologically healthy before surgery.
Exclusion criteria for the selection were the following:
• Articles associated with IAN injury but not as a result of implant placement; • Literature reviews;
• Studies performed on animals;
• Studies of cases where implants were placed in anterior mandible.
Article review and data extraction
The search delivered 734 search results, of which 700 abstracts were screened. We chose 32 articles according to the relevancy of their title and/or abstracts. The next filtering barrier was articles that are eligible to be included. We reviewed and filtered full text articles according to the exclusion and inclusion criteria. The reasons for article exclusion were as follows: 
Risk of bias across studies
We assessed the risk of bias (for example, operation was not performed by authors themselves, missing information regarding exact time of diagnosis, postoperative neurosensory examination performed by single examiner, sex scission, and low objectives number) that could affect the cumulative evidence across the studies. We used the Cochrane Collaboration's tool for assessing the risk of bias [30] .
RESULTS
A total of 6 studies were included in this review: one study was related to diagnostic methods that can be used [19] , two studies were discussing treatment outcomes of different techniques [5, 31] , two studies described clinical presentation of patients with IAN injury [12, 32] , and one study was related to risk factors and management of IAN injuries [33] (Table 1) .
Study characteristics
The studies that have been included in this review discussed different aspects related to IAN injury as a result of implant placement. All studies were performed on humans and published in English between December 2004 and March 2014. Studies were generally divided into 2 types: studies where the authors themselves performed the operation and studies in which the authors were the specialists to whom patients with injury were referred (did not perform the operation themselves). The studies discussed the cause of injury, time of diagnosis, and post-injury diagnostic methods that were used. The most commonly used diagnostic methods were subjective. Neurosensory examination was the ultimate diagnostic evidence on which study results were based. Data regarding given treatment (timing, type, and outcome) were presented in all studies except one. That study solely assessed the diagnostic aspect of injuries (it checked the efficiency of MIR as a diagnostic method for IAN injury detection).
Reliability of studies
We evaluated the reliability of the selected studies by the following factors: the number of patients treated (Figure 2) , the neurosensory evaluation methods used (Table 2) , the method used for data analysis (Table 3) , and the bias within studies (Table 4) . LT = light touch; SBD = sharp blunt discrimination; TPD = two point discrimination; MVP = moving point discrimination; PPT = pin prick test; BSD = brush stroke direction; PTD = pain threshold detection; MIR = masseter inhibitory reflex. 
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Risk of bias within studies
All studies included exhibited at least 1 bias. We grouped the risks of bias that were indicated within other studies and presented as a lack of information value as follows: operation was not performed by the authors, exact time of diagnosis was not indicated for each patient, postoperative neurosensory examination performed by single examiner, low number of patients, and sex scission (Table 4) .
Risk factors associated with IAN injury
Risk factors may be classified into general, intraoperative, and postoperative, as described by Juodzbalys et al. [1] . Possible risk factors are summarised in Table 5 [1, 7, 33] .
Diagnosis of IAN injury
Diagnosis of IAN injury should be done based on the patient's complaints and clinical symptoms, in combination with different techniques. Patients' sensations vary from case to case. Nerve injury can lead to anaesthesias, paraesthesias, and dysaesthesias. As has been already mentioned, timing in such circumstances is of high importance. Moreover, Khawaja and Renton [5] made a conclusion based on 4 case studies: early removal of implants associated with IAN injury (less than 36 hours post-injury) may assist in minimising or even resolving IAN neuropathy, while delayed diagnosis and removal may result in no improvement at all [5, 12, 19, 31, 32] .
Time interval between nerve injury and its diagnosis and treatment
Kim et al. [26] found in their study regarding clinical outcomes of conservative treatment in cases of IAN injury that patients who visited the hospital within 9 months after injury exhibited greater improvement in their symptoms than those visiting after 9 months. These results reinforce the already proven fact that early treatment is important in cases of nerve damage. For treatment to be as early as possible, timely diagnosis should be done. Case series were reviewed and the time interval between the time of injury and the diagnosis and treatment was recorded. In some of the articles that were analysed, the exact time of diagnosis was not mentioned. Thus, we based our determination of diagnosis time upon the assumption that the practitioner realised the injury was present when it was revealed that the subject continued to feel numbness after the effect of local anaesthetic wore off, since it's the first postoperative alarming sign. In addition, it is important to mention that we divided the studies mainly into 2 types. The first type of articles described operations performed by the authors themselves. However, the second type of articles described reports by specialists to whom patients were referred after nerve injury for consultation (surgical implant placement was not performed by them).
Results are presented in Table 6 . Table 5 . Possible risk factors associated with IAN injury following implant placement
General risk factors
-Patient's unrealistic expectations; -Pre-existing altered sensation; -Improper selection of site for implant placement; -Anatomical and radiological risk factors related to mandibular vital structures; -Female patients; -Increased age of patients.
Intraoperative risk factors
-Protrusion through lingual or buccal plate; -Perforation of mandibular canal; -Direct mechanical injury (manifests by "sudden give" type of feeling); -Extensive bleeding; -Extrusion of preparative debris into canal; -Slippage of the drill, implant placement deeper than planned, or bigger diameter implant placement; -Excessive force using implant drill (density and thickness of the bone surrounding the mandibular canal is not able to resist it); -Repeated IAN blocks.
Postoperative risk factors
-The fact that the IAN is contained within the bony canal (compression, ischemia); -Severity of injury; -Interval between time of injury and diagnosis, treatment. 
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The diagram above (Figure 3 ) is based on data extracted from articles and presented in Table 6 . This schematic view of the results reveals to us 2 main facts. The first is that in 47% of the cases, doctors performed the diagnosis early. The other fact, which is more surprising, is that in 43% of the cases, the diagnosis was established very late. This finding is controversial because in some of the cases, it was mentioned that patients were referred for specialist consultation, so it is not clear when the first diagnostic evaluation was performed. Thus, it is not enough evidence to define for sure that diagnosis was not performed on time. In addition, we can observe that in 8% of the cases, timely diagnosis was done, which is quite consoling because the first 36 hours are the most critical [5] . In addition, we analysed the following information regarding treatment: time of treatment, type of treatment, and outcome.
As for the treatment outcomes (Table 7) , in all the cases that were treated before 48 hours post-injury, full recovery was observed, except 6 patients who suffered an injury of severe degree, and for them, no recovery was observed.
DISCUSSION
Chiapasco et al. [34] and Visser et al. [35] reported in their studies in the years 2003 and 2005, respectively, that the incidence of temporary IAN injury despite careful planning ranges from 0% to 24%, while persistent injury has been found in 11% of cases [13] . These days wide ranges of diagnostic methods are available for detecting such injuries and defining their extent, severity, and more. As has been previously mentioned, nerve injuries are classified according their severity into neurapraxia, axonotmesis, and neurotmesis. Practitioners should be familiar with these types of nerve injuries and by undertaking basic examination procedures should be able to determine which injury they are facing [36] . This is an essential step for selecting adequate treatment steps, knowing possible outcomes of the situation, and deciding whether referral to a specialist is needed.
The main diagnostic methods that were used in the studies reviewed for this paper cannot be used immediately after injury occurs but only when the effect of the anaesthetic is gone, especially the subjective methods since they are based on the patient's evaluation of his/her own sensation. It is clearly seen that most of the practitioners chose to deal with IAN injury using subjective methods of examination. This fact does not correlate with Biasiotta et al. [19] statement that the masseter muscle inhibitory reflex (objective method) is the most used neurophysiologic tool for the functional assessment of the trigeminal mandibular division. Surprisingly, not even 1 clinician from the reviewed studies has used this method or any other objective test. The muscle inhibitory reflex method has been proven to be very accurate, and maybe its efficiency is somehow underestimated in general practice. As the importance of early diagnosis for better treatment outcomes is well documented in previous studies, the objective was to find how prevalent early diagnosis is among practitioners. It is important to mention that treatment outcome is influenced not just by time of diagnosis but by several other factors, for example, severity of injury -in some cases, the damage extent is so wide that the timing plays a minor role in recovery, if any. Thus, we can see that occasionally, although patients are diagnosed within a period of 48 hours, which is considered early, they experience persistent neurosensory deficit because the injury was severe. However, when the damage has a better prognosis, time is a crucial factor, and satisfactory treatment results are achieved.
In case of IAN injury, early implant removal is suggested for resolution of neuropathy if there is radiographic evidence of contact between the MC and implant. It is important to understand the idea of this treatment option. Sometimes, it does not seem like injury has occurred because the implant is not intruded into the MC, but in fact there is injury to the IAN as a result of improper implant bed preparation (injury by implant drill). The implant is placed in the proper position, but the depth of preparation is inadequate (too deep) -it is reaching the MC, as can be seen in Figure 4 (2 descending straight lines, which contact the upper and lower borders of the MC).
In such cases, implant removal may be not the treatment of choice.
Limitations
One of the drawbacks of this review is that the quantity of cases analysed is relatively limited. Additionally, another obstacle we faced during data organisation is that not all cases mentioned the exact time of diagnosis. Some articles reported cases of patients' referral to a specialist for consultation. The specialist him/herself did not perform the surgery; thus, he/she probably was not the first person to diagnose the injury.
CONCLUSIONS
Various diagnostic methods, as well as treatment strategies, have been developed throughout the years for dealing with one quite prevalent complication in the implantology field -inferior alveolar nerve injury. Concurrently, the importance of early diagnosis and treatment was proved. Basically, it is recommended to establish diagnosis within the first 36 hours. According to the results of our data analysis, a relatively high percentage of the practitioners successfully accomplished this target and achieved good treatment outcomes.
One exceptional method that is not widely accepted or used is the utilisation of PM, which acts to reverse the effect of local anaesthetic and thus permit an earlier return to sensation and as a result earlier examination of the patient for neurosensory deficiency.
In 2009, Renton and Khawaja [5] evaluated the neurosensory function of the IAN by first mapping the area of neuropathy extra-and intraorally. Then they used LT, SBD, TPD and MPD, which are all subjective methods. Kubilius et al. [32] evaluated the extent of injury by performing sensographic examinations -tactile and pain thresholds were recorded. Later on, in 2012, Renton [12] , together with other scientists, again used the same strategy -mapping
